G eorge W allace K en n er was born on 16 November 1922 at Sheffield, the younger son of a well known organic chemist James Kenner (1885-1974) who was at that time a lecturer in chemistry at the University of Sheffield. Details of the Kenner family's origins are to be found in the biographical memoir of James Kenner ( Biographical Memoirs of Fellows of the Royal Society, 1975, 21, 389) and need not be repeated here. His mother, herself a chemist, I can recall only as a rather ebullient, talkative woman devoted to her two sons, Donald and George, in a family dominated by an aggressive father and kept very much to itself as a result. Before George was two years old the family left England for Australia where in late 1924 his father became Professor of Organic Chemistry (Pure and Applied) in the University of Sydney. Not surprisingly, we know little of George's time there since the family returned to England in January 1928 when James Kenner was appointed Professor of Technological Chemistry at the Manchester College of Technology. The Kenners took up residence in the Manchester suburb of Withington where the family home remained (nominally at least) until James Kenner's death in 1974.
George Kenner had his first encounter with formal education at Didsbury Preparatory School where he enrolled in 1928 and where he remained until he moved on in 1934 to Manchester Grammar School. No science was taught at his small preparatory school, the emphasis being on classics and mathematics; not unnaturally therefore young George went on the classical side at Man chester Grammar School and only moved to science after matriculation. The course of his education was almost certainly determined by his father; a domi neering man now embittered by his experience in the College of Technology, he held strong views on the education of his younger son who he was deter mined should be a great scientist and upon whom he constantly impressed that anything short of excellence should be regarded as equivalent to failure. This constant parental pressure could not have been helpful to the young George and may well have contributed to his later health problems. In his preparatory school days he suffered from a bad stammer and although he largely conquered it later in his university days and became an excellent lecturer the impediment could even then recur in moments of stress. He had an outstanding record at Manchester Grammar School and was recognized from his earliest days there as quite unusually gifted intellectually. His con temporaries recall him as a quiet, rather slight boy who had a friendly dis position and could be a voluble talker on almost any subject when coaxed out of his shell. Not given to sport, he found an outlet for his energy and satis faction of his social instincts in scouting. Dr William Brockbank, school medical officer at the time and leader of the scout troop, still speaks with enthusiasm of Kenner's membership. It was while a member of the troop that his interest in hill walking and climbing developed, aided no doubt by the Kenner family excursions which were its chief relaxation, at weekends near Manchester and, on holidays, in North Wales or South-west England either walking or cycling.
I first met George Kenner in the autumn of 1939 when, shortly before his seventeenth birthday, he entered the Honours School of Chemistry in the University of Manchester where I had, just one year earlier, become Professor of Chemistry and Director of the Chemical Laboratories. At the time I awaited his arrival with some trepidation for the following reason. At the time of my appointment as a very young and inexperienced academic to the Manchester Chair in 1938 there were many who thought-and indeed warned me-that I could expect to be roughly handled by James Kenner, a notoriously quarrel some and much older man who would be my opposite number in the College of Technology. In this they were wrong for James Kenner proved both friendly and helpful to me in my new surroundings and I saw him almost daily at lunch in the University Staff Club. As a result of these lunchtime meetings I quickly became aware of the intense pride he had in the ability of his son George and his determination that he should have the best available training in chemistry. When, early in 1939, he told me that George would come to me I was under standably alarmed, for woe betide me if I failed to measure up to his exacting standards. But I need not have worried; George Kenner was both outstand ingly able and unusually precocious. He had a brilliant career as an under graduate and I really believe that the result would have been the same what ever the quality of the teaching. During his undergraduate career, which culminated predictably in the degree of B.Sc. with first class honours in 1942, I had only rather casual contact with him but thereafter when he took up research under my supervision first for the M.Sc. degree (standard Manchester practice in those days) and then in Manchester and Cambridge for his Ph.D., I saw him daily (and was indeed to do so for some 15 years) and came to know him well-and in certain respects perhaps even better than his contemporaries did. Wartime conditions made life hard for all of us but there is no doubt that the common involvement of staff and students in fire-watching and civil defence brought us all much more together than we would otherwise have been. Certainly it forged a lasting bond between those of us who shared life in the Manchester chemical school at that time.
In those days George Kenner was a quiet, rather reserved young man, deeply interested in chemistry, who seemed to get rather easily depressed when, as is common in research, all was not going according to plan. Slight of build, he took no part in organized sport but threw himself with vigour and at times, it seemed, with almost excessive enthusiasm into all departmental activities. To some extent I regarded this latter trait as being, at least in part, a reaction to what was clearly a rather difficult home life in a family where a domineering father was continually exhorting and urging him on in his studies. But it certainly helped to forge the close and lasting friendships which he developed with his fellow research students and with A. R. Gilson, my young and outstandingly able laboratory superintendent, from whom Kenner derived much of his unusual knowledge and skill in scientific instrumentation and laboratory arts. When Kenner graduated in 1942 I was in the early stages of a large series of investigations on nucleotides and nucleotide coenzymes which I had planned when I went to Manchester and which was getting under way as far as the exigencies of wartime allowed. He elected to join me in this endeavour and threw himself into it with enthusiasm; indeed he continued in it as one of my most valued colleagues for 15 years. During that time he made outstanding contributions to our knowledge of phosphorylation and organic phosphate chemistry and jointly we completed syntheses of flavinadenine dinucleotide (26), codehydrogenase I (nicotinamide-adenine dinucleo tide) (52), uridine diphosphate glucose (33) and various other biologically important polyphosphate esters. His interests were not, however, confined to natural product chemistry, although that was and remained his main field; he had remarkable theoretical insight and constantly brought it to bear on all his experimental studies. Some idea of his originality of mind and of his precocity can be gathered from his presentation to me during his first year as a research student of a wholly original and significant theoretical paper on the structure and reactivity of halogenobenzenes. This paper was accepted by the Royal Society and published in its Proceedings (5); there must be few young chemists who have matched that achievement.
Tragedy, however, struck the Kenner family in September 1943, towards the end of George's first year as a research student. In those war years the Kenners usually sought relaxation and recreation in family cycling expeditions into the surrounding countryside at weekends and on holiday further afield. On one of these latter George had the appalling experience of seeing his mother, to whom he was deeply attached, killed in a road accident in Devon. A further blow came within weeks when news came that his brother, Donald, with whom again he had close bonds, had been killed in action in Italy. These losses were felt very deeply by him-so much was clear to his intimates in the laboratory but George himself never talked about or even mentioned them. Nor did he reveal that very shortly thereafter two male cousins were also killed in action, leaving him the sole male Kenner of his generation. The shock of these happenings also had a profound effect on his father who took every opportunity to impress on George that the family's scientific future rested entirely upon him. The impact of the tragedy on James Kenner had a strange effect on his behaviour towards his son; not only did he now con stantly goad George to greater and greater effort but at the same time criticized and denigrated his achievements, presumably in the hope of spurring him further. This, needless to say, led to a worsening of relations between them and to an intensification of George's moods of depression. The human mind is complex and its workings little understood but it has always seemed to me that it was the devastating experience of the young Kenner at this time and his attempt to shut it out completely from his consciousness that initiated or brought into active existence the illness which was eventually to destroy him.
In these circumstances it was fortunate that in 1944 I was appointed to the Chair of Organic Chemistry at Cambridge and George (together with a large group of his friends and contemporaries) elected to move to Cambridge to build up a new centre of chemistry there. This broke the intimate and enforced contact with his father and gave him the chance to live and work normally without constant interference. He took full advantage of this chance and the next 13 years in Cambridge were not only productive but, perhaps, also the happiest of his life. In the absence of continual parental oversight he blossomed both socially and scientifically. True the alternating moods of elation and gloom which I had noticed in the latter part of his Manchester days were still there, but they gradually diminished in frequency and intensity and probably passed unnoticed by most people within a year or two of the move. As a University Lecturer and Fellow of Trinity Hall he took a full part in the life of the University. In the University Chemical Laboratory he quickly acquired a reputation not only as a good teacher and organizer of seminars and discussions but as one who was always ready to discuss other people's problems both sympathetically and seriously and accordingly give real help and guidance to others not always as able as himself. He had a hand in all departmental activities except cricket, which game he claimed required a far better coordination of eye and hand than he possessed. That claim many of his friends would dispute for he displayed such a capacity to absorb and to put into operation new and demanding laboratory techniques that he would have made a first-class craftsman. This capacity in practical matters showed itself in his passionate and lifelong devotion to sailing and to motor cars; of both he had an encyclopaedic knowledge and he sought perfection in them as he did in his scientific work. In his early days in Cambridge he was a great enthusiast for the Morgan three-wheeler and it was interesting to watch his progression through various makes of sports car. Not only did he give tech nical advice to all his fellow-workers in the laboratory but he seemed to have a touch of missionary zeal to judge by the way they seemed to change cars at George's whim. This continued for many years long after the members of that group of my early camp followers in Cambridge (now known as the Todd lers Club) dispersed to academic and industrial positions elsewhere. Indeed I know of four or five Alfa Romeo cars, owned by members of that group in recent years, which were bought as a direct result of George's recommendation.
In 1948-49 Kenner spent a sabbatical year in Zurich in the laboratory of Professor V. Prelog. In collaboration with him he published a couple of papers on Erythrina alkaloids (14, 17) but, perhaps more important for his career, he seems there to have had his interest aroused in peptide chemistry. In Zurich, too, he formed a lasting friendship with H. G. Khorana who later joined us in Cambridge and with whom he subsequently published two papers on peptide synthesis (22, 27). On his return to Cambridge Kenner continued his work in the nucleotide coenzyme field but also began to develop an independent attack on the chemistry of peptides and polypeptides. This was very much in line with the factors that had taken me into the nucleotide field ten years earlier and which had clearly attracted him then. Here again was a group of com pounds of obvious and ever-growing biological interest which offered an alluring prospect to anyone who was prepared to devise new methods of approach to synthesis and bring to bear on the subject the rigorous discipline of organic chemistry with its insistence on the purity and individuality of all synthetic intermediate and final products. Moreover, the problems faced and surmounted in phosphorylation were in essence not dissimilar from those likely to be encountered in aminoacylation. His first paper on peptide chemistry appeared in 1951 (18) and this topic, together with his work on the pyrrole pigments (again a relatively ill-explored field of great biological interest) which he commenced about 1955, were to occupy the whole of his subsequent career in research.
On the personal side, the most important event in Kenner's Cambridge period was his marriage in 1951 to Jillian Bird. The daughter of Angus Bird, a Cambridge businessman, she was for a time on the secretarial staff of the Chemical Laboratory following completion of her degree course at Reading University. The marriage was not only a happy one but was also a highly significant factor in Kenner's career. A charming and lively young lady, Jill gave Kenner the affection and stability he sorely needed and provided him with a home life such as he had probably never before known. Their two daughters, who brought him great joy, were both born in Cambridge before, in 1957, George was invited to take the Heath Harrison Chair of Organic Chemistry in the University of Liverpool in succession to Professor Alexander Robertson. By this time George had become stable and confident to a degree I had not known before and he was able to seize this opportunity to widen his scope and really open up his chosen field of research. It seemed at last that earlier troubles were over and he set about his new tasks with vigour and enthusiasm. Both qualities were required in Liverpool at that time for the laboratories were somewhat antiquated and very ill equipped for modern chemistry. Kenner was accordingly plunged at once into planning, building and equipping a new department to the highest modern standards. Before taking up the Liverpool chair he had been a participant in the building of the new University Chemical Laboratory in Lensfield Road, Cambridge, which was the latest in this country and incorporated many novel features in design. It is said that Kenner on being faced with a similar task in Liverpool said that he intended to make a laboratory "like Lensfield but better". Whether he was entirely successful in that may be a matter for partisan debate, but certain it is that the Robert Robinson Laboratories in Liverpool, completed in 1961, stand today virtually unmodified as a lasting tribute to Kenner's enthusiasm, drive, and his mastery of the details of modern laboratory con struction. The effort involved in the building programme was not allowed to interfere with the building up of the Liverpool department as a centre of modernized teaching and research which, with the cooperation of staff and an increasing flow of research students from home and abroad, went on apace in the peptide and porphyrin fields. Members of the Liverpool staff and senior research workers uniformly praise his selfless work for the school to gether with his friendliness, his informality and his readiness at all times to advise and to help individuals. George Kenner was well aware of the need to have continuity of leadership in a scientific department and the consequent necessity of ensuring that it is not allowed to become a 'one man band'. So it was that in 1962 he persuaded the University of Liverpool to take the radical step of creating a second chair of organic chemistry to which A. R. Battersby was appointed. The combination so formed of two independent research groups working none the less in harmony was a great success and contributed in no small measure to Liverpool becoming in a few years one of the leading organic chemical schools in Britain.
On top of all he did for his department and in the promotion of research, Kenner was also active in the service of the University and served on a variety of its boards and committees. Outside the University he held office in the Chemical Society and, following his election to the Fellowship in 1964, he served on various Royal Society committees. Throughout his career he main tained close and friendly contacts with the chemical and scientific instrument industries where his advice was frequently sought and greatly valued.
In all that he did Kenner was a perfectionist-nothing but the best was good enough whether in administration, teaching or research and he expected all associated with him to adopt the same standards even though they were at times almost impossible of achievement. Research to him had to be on the frontiers of science and he despised the trivial. In research he would never tolerate shoddy work and woe betide any charlatan who came his way. These characteristics are, indeed, evident both in his choice of topics and in the operation of his researches. He had a passionate belief in the need to apply the full rigour of organic chemistry to complex fields such as protein and porphyrin chemistry. To him all intermediates in synthesis must be prepared and characterized unambiguously and he would not relax his standards. I think it is fair to say that by his work he confounded the belief of many that this could not be done and thereby performed a major service to the study of polypeptides and proteins.
In his passion for accuracy and his scorn of the second rate, one could see in George Kenner something of his father, James, who was also a chemical perfectionist with unbounded faith in the power of organic chemistry. Like his father, too, George could display a mulish and even, at times, an aggressive obstinacy. But in him, unlike his father, these qualities were tempered by compassion; it was perhaps this quality that so endeared him to all who knew him. It may be that he drove himself too hard in Liverpool and that the stress of all his activities proved his undoing. That we shall never know, but certainly the moods of elation and enthusiasm interspersed with bouts of depression, which had first evidenced themselves to me following the tragic events of 1943 but which seemed to have subsided during the Cambridge days, began to reassert themselves progressively. Those deepening moods of depression he concealed from his colleagues as, aided by his wife Jill, he battled manfully to resist and overcome them. Both he and all his friends hoped that his election in 1976 to a Royal Society Research Professorship which allowed him to shed all his administrative burdens might relieve the stress under which he had laboured and enable him to conquer the illness which had dogged him for so long. But-alas!-it was not to be; attacks persisted and became more severe and in the summer of 1978, in a remote corner of the Welsh hills he loved so well, George Kenner ended a life which he believed had become an intoler able burden for himself and for his family.
In 1977 George Kenner wrote an obituary of the great Swiss chemist, Leopold Ruzicka (199) of whom he said 'his work exemplifies that combination of severely disciplined empiricism with intellectual fantasy and imagination which is the hallmark of first-class organic chemistry'. That statement could be applied equally to his own work. The pity is that Kenner did not live to see the seal set on his efforts by the completion of his carefully planned synthesis of a lysozyme analogue, of proven purity, containing 129 amino acid residues joined in a rigorously defined order, although he reached the final stage. Indeed, a lesser man might well have claimed completion on the basis of preliminary experiments on the final condensation step which were carried out shortly before his death. Others will in due course realize his dream of making a wholly synthetic enzyme but the value of Kenner's contributions to the methodology of peptide and porphyrin chemistry will be increasingly recognized and will profoundly influence future developments in these fields. Ill-health may have denied him the final triumph but it cannot deny him a permanent place in the history of organic chemical synthesis. And to those who were privileged to know him he has left a memory which will shine 'as the stars for ever and ever'.
Scientific work
Although throughout his career Kenner retained an interest in theoretical organic chemistry and indeed published occasional papers on theoretical topics (e.g. 5, 74, 88, 89, 127) his main researches fall neatly into three sectionsnucleotide, peptide and porphyrin chemistry. Of these one could regard nucleo tide chemistry as his apprenticeship since it was there that he began his career, first as research student and, later, as a senior worker in the large group develop ing this field under my guidance in Manchester and Cambridge. There is no doubt that this early work profoundly influenced both Kenner's choice of topics for independent development and the general type of approach to be followed in exploiting them. At the same time it is likely that he elected to enter upon nucleotide research rather than some other line when he graduated, because the philosophy behind it happened to fit with his own ideas on research in general; for he was at once very gifted intellectually, very independently minded and unusually precocious as a student.
Kenner's gifts as an organic chemist and in research leadership come out clearly in his Liverpool work on peptides and porphyrins. In dealing with his prodigious output of research I have consulted, and am most grateful to, a number of his former students and associates. In particular Dr R. C. Sheppard and Professor A. H. Jackson took great pains to provide me with detailed reviews of the peptide and porphyrin work with which they had been closely associated. So excellent were they that in the accounts of Kenner's contribu tions which follow I have essentially reproduced them subject to abbreviation and editorial modification; to both these former students I am extremely indebted.
George Kenner died just as his research career was approaching its peak, but already its brilliance had brought him recognition from his peers and his wisdom and capacity to lead were recognized in scientific circles. George's passionate interest in science and in the promotion of scientific research was underlined not long before his death by his generous setting up of a fund to be known as the Binmore-Kenner Fund based on his father's estate. This fund is now administered by the Royal Society and used to provide additional support for the work of the Society's research appointees.
Nucleotides and nucleotide coenzymes
Kenner entered this field as a research student reading for the Ph.D. degree in Manchester and Cambridge and continued as postdoctoral worker and later as staff colleague to play a vitally important role in its development by a large group operating under my direction until he left Cambridge for Liver pool. He played a major role in the development of a general and unambiguous synthetic route to purine nucleosides (3, 4, 6-12) including adenosine (11) and over a long period in the researches on pyrophosphate esters and methods for their synthesis (20, 40, 42, 43, 56, 57) although the true significance of work published in papers bearing his name as co-author can only be fully understood when taken in conjunction with all the other numerous publications of the Todd group in this field. Among nucleotide coenzymes Kenner was joint author of syntheses of flavin-adenine dinucleotide (26, 31), uridine (32) and adenosine (43) triphosphates, uridine diphosphate glucose (33), cytidine diphosphate (57) and several P1P2-dinucleoside pyrophosphates (28, 57), as well as cozymase (now usually described as nicotinamide-adenine dinucleotide or NAD) (52).
George W a llace Kenner
Peptides and proteins From the outset Kenner saw the desirability of using free amino acids and peptides as amino components in polypeptide synthesis and the need for watersoluble acylating species. This was evident in his first papers (18, 21) where he introduced the sulphur trioxide-dimethylformamide complex for the forma tion of mixed anhydrides with sulphuric acid. Evaluation of his new reagent included a careful racemization study (46) for which he devised one of the first sensitive racemization tests involving separation of diastereoisomers by the then novel technique of countercurrent distribution. The sulphuric anhy dride method never achieved wide popularity because of the difficulties in preparing and handling the sulphur trioxide reagent, but his colleagues who used it regularly in Cambridge vouched for its efficiency and cleanliness. Kenner remained true to it to the end (e.g. 199) and it is still one of the very few techniques which, when used in anydrous media, have never been shown to cause racemization.
Kenner had met H. Gobind Khorana in 1948 at Prelog's laboratory in Zurich where they worked together on the structures of Erythrina alkaloids. Their collaboration was continued in Cambridge and produced several new methods for peptide degradation. Their use of dialkylxanthates with elimi nation of amino-terminal residues as thiazolidiones (22) was conceptually similar to Edman's procedure. Reaction of peptide acids with diphenylphosphoroisothiocyanatidate was shown to lead to acylthiohydantoins, from which the original carboxy-terminal residue could be cleaved as a thiohydantoin by the action of alkali (27). Methods for selective cleavage at internal aminoacid residues were also investigated, and two papers describe cyclization reactions of glutamic acid sidechains in this connection (29, 41). Kenner's main interest was always chemical synthesis, and his research returned to this theme with studies of activated ester derivatives (37, 47). p-Nitrothiophenyl esters were preferred because of their favourable reactivity ratio towards amines and water, and Kenner devised a new preparative procedure from carboxylic acids and tri-p-nitrophenyl phosphorotrithioite (37). These esters were used in the synthesis of cyc/o-(glycyl-L-leucyl-glycyl-L-leucylglycine) (38), probably the first synthetic cyclic peptide, and subsequently for a range of other cyclic peptides (59, 80). The relation between ease of cyclization and stereochemistry within the peptide chain was investigated, beginning a long interest in the conformations of linear and cyclic peptides (80, 100, 135). Peptide phenylesters which proved too stable to function as acylating agents were considered as potential carboxy protecting groups (61), a possi bility brought to an important practical realization many years later with the recognition of peroxide anion catalysts of phenyl ester hydrolysis (158,166).
From 1957 in Liverpool, synthesis continued to be his main theme in peptide research with increasing attention being devoted to natural products. Already, in Cambridge, studies had begun on a peptide antibiotic which had yielded a series of unusual amino acids on hydrolysis. The identification of £/ira>-(3-hydroxyleucine and m-y-methylproline (55) initiated a series of syn thetic and stereochemical studies on these and related amino acids from various sources (66, 70, 75, 76, 83, 95) , Characteristically, the presence of a-methylalanine in the same antibiotic prompted Kenner to tackle the difficult problem of synthesis of peptides from massively hindered, geminally substituted amino acids with complete success (69, 103, 104, 105) .
Another antibiotic under investigation at this time furnished a series of thiazole derivatives, identified as condensation products of cysteine and an adjacent amino acid residue. A series of these novel derivatives was synthe sized (63, 80) and their formation by dehydrogenation of intermediate thiazolines investigated (113).
Early in the 1960s, Kenner and his colleagues began a series of investigations which together were to constitute perhaps the most important completed contribution of the Liverpool group to peptide (and medical) research. The antral hormone gastrin had been sought intermittently since 1905 when its existence was first mooted. When successful isolation was finally achieved by Gregory and Tracy working in the Physiological Laboratory at Liverpool (Gut, 1964, 5, 103) the peptide chemists were on hand and eager to tackle the structural and synthetic problems. Despite some surprises, elucidation of the 17-residue sequence of the porcine hormone was soon complete (91), and synthesis followed a year later (92, 101, 114, 118 ). Intermediate fragments were tested for biological activity producing the quite unexpected result that only the terminal tetrapeptideamide sequence was essential for full gastrin-like action (Tracy & Evans, Nature, Lond. 1964, 204, 935). This observation per mitted very extensive structure-function studies within the pharmaceutical industry (Morley, Proc. R. Soc. Lond. B 1968,170, 97) resulting in the marketing of a pentapeptide derivative (pentagastrin) as a diagnostic stimulant of gastric secretion. In Liverpool, chemical studies continued with the structural elucida tion of human gastrin (160), its synthesis (107, 122) and that of several ana logues (130, 131). Gastrins from ovine (134, 139) , bovine (134, 139) , canine (138, 140) and feline (142) species were identified and in most cases synthe sized. In the last of these, mass spectrometry of methylated derivatives (133) was used exclusively for structure determination (142). An immunological differentiation of gastrin from related peptides was also devised (150).
Glu-Gly-Pro-Trp-Leu-(Glu)5-Ala-Tyr-Gly-Trp-Met-Asp-Phe-NH2
Human Gastrin I 0 G a st ri n I I -tyrosine sulphated form of Gastrin I)
In 1976 (198), the gastrin story was taken a stage further with the synthesis of the sequence assigned to Tig gastrin', the presumed prohormone. This work is worthy of special mention because it provides a complete vindication of one of Kenner's strongly held views, namely that unambiguous synthesis, besides providing pure material for biological and other studies, should also perform the role traditional for less complex molecules, that of final arbiter of correct ness of structure. Others have argued that it is difficult or impossible to com pare natural and synthetic macromolecules with the precision required to establish identity and that accordingly the labour involved in total synthesis cannot be justified on these grounds. In the case of big gastrin, radioimmuno assay was able to detect small differences between the natural and synthetic 34-residue peptides (205). Further synthesis and the availability of specific site directed antibodies have enabled the sequence error to be located in the region comprising residues 5-12, and new degradative data now suggest a simple sequence inversion (Dockray, Contribution to Symposium on Gastrin and the Vagus, Aarhus, August 1978). Combination of synthesis and immuno logical techniques may be expected to play an increasing role in structure determination of large peptides following this pioneering example.
Even while the early gastrin work was in progress, Kenner was considering more ambitious targets. The ultimate goal of rational protein synthesis had long been in his mind, and in 1969 he determined to tackle the synthesis of an enzyme. Experience elsewhere in attempts to assemble defined polypeptide chains of more than 100 residues in length was not encouraging. Kenner recognized the limitations of the classical synthetic approach applied to com plex macromolecules, but saw even more clearly the absolute necessity for strict analytical control and rigorous purification of intermediates. These last criteria could not be met by contemporary solid phase procedures. His solution to this dilemma was to tailor the synthetic target so as to reduce the overall problem to manageable proportions while still producing a molecule with the desired physico-chemical and biological properties.
The target chosen by him was a 129-residue analogue of lysozyme containing 28 changes from the hen egg white sequence. In devising this revised sequence the overall aim was to reduce the difficulties of the synthesis to manageable proportions while still producing a molecule with essentially the same compact folded structure as the natural enzyme. It was appreciated that, while it was possible to satisfy the space filling requirements of a globular structure in a modified sequence, lack of information about protein folding mechanisms made such an endeavour highly speculative, but all possible precautions were taken to minimize the risk of producing a non-viable molecule. It was incidentally hoped that a study of this and other similarly conceived enzyme analogues might shed light on the protein folding process. His selection of lysozyme as the basic enzyme structure was strongly influenced by the assured collaboration of the crystallographer D. C. Phillips in predicting the effects of sequence changes on structure. A full molecular model of the enzyme was assembled in Liverpool from Phillips's X-ray data and simplifying changes in the natural sequence were made on the basis of consideration of this model, of natural sequence variants and of factors known to influence the stability of protein secondary structures. In this way, changes made in one part of the sequence 402 were sterically compensated by changes elsewhere, but no modification was permitted of residues thought to be involved in the enzymic process. This, then, was the formidable target which Kenner set himself and his many willing colleagues in Liverpool. The strategy of essentially complete sidechain protection was adopted for synthesis-probably a wise move in view of the interference by free carboxyl groups in minimal protection strategies. The solubility problems expected as a result of this decision, although severe, were not overwhelming, special devices such as chromatography on polyacrylmorpholide in N-methylpyrrolidone being used in difficult cases; several publications issued during the course of the synthesis deal with improved chromatographic techniques for handling large sparingly soluble peptide derivatives (183, 189, 203, 204) . Particular care was taken in the selection of permanent sidechain protecting groups so as to confer adequate protection and complete stability throughout the very many synthetic operations involved. Thus sidechain 2-butoxycarbonyl protection of lysine and ornithine was dis carded in favour of the more stable adamantyloxycarbonyl group. On the other hand, temporary protecting groups for terminal amino-and carboxy-functions were chosen, with equal care, to be removable under the mildest possible conditions. Benzyloxycarbonyl and biphenylisopropoxycarbonyl were used for Biographical Memoirs a-amino groups and notably the labile phenyl esters for a-carboxy groups. Development of new synthetic methods (184, 191) and protecting groups (190) based on phosphorus compounds continued alongside the assembly of the lysozyme analogue sequence.
The 129-residue sequence was divided into 12 sections each having glycine at its carboxy terminus. In his brilliant Bakerian Lecture (198) Kenner not only summarized the problems to be faced in protein synthesis but reported the synthesis of the two protected fragments containing residues 1-75 and 76-129 respectively. Dicyclohexylcarbodiimide in combination with hydroxysuccinimide was used as the principal condensing agent but other reagents were mentioned including the dimethylformamide-sulphur trioxide complex introduced in Kenner's first foray into the field of peptide synthesis (18). Which particular method will prove most suitable for effecting the final linkage remains to be seen but preliminary experiments have shown promise. Although Kenner is no longer with us the work will no doubt continue in the hands of his former colleagues in Liverpool. Final success in preparing an enzymically active molecule will be the most fitting tribute to George Kenner's courage, innovative ability, foresight and judgement.
Porphyrins and related compounds
When George Kenner began his work on the porphyrin group in the mid1950s it was a relatively unfashionable field for chemists, notwithstanding the central role of porphyrin derivatives in living organisms. After the massive researches of Hans Fischer and his school between the wars, activity had Scheme 1. X = Halogen or OAc; R = H or 0O 2H. lessened and there was only a handful of small pockets of research left, led by Plieninger, Strell and Treibs in Germany, by S. F. MacDonald in Canada and by Corwin in the United States of America; of these leaders the first four were all former associates of Fischer. On the biosynthetic front, however, considerable progress was being made following the advent of radiotracer and stable isotope techniques and Shemin and Neuberger's groups had established the broad outline of porphyrin biosynthesis from aliphatic precursors via the monopyrrolic porphobilinogen. The structural and biogenetic relationship of the chlorophylls and vitamin B12 to the porphyrins had also been established. What caused Kenner to enter the field, we do not know, but it is likely that it attracted him because of the coenzyme function of many porphyrin deriva tives and he may well have been influenced too by S. F. MacDonald who worked in the Cambridge laboratory from 1949-1951 and by the structural work on vitamin B12 which was going on there during the early fifties. At any rate, he clearly recognized it as a somewhat neglected field, the further de velopment of which would require a new chemical approach.
Kenner's first two papers on porphyrins (58, 60), summarizing the work carried out in Cambridge between 1955 and 1957, clearly set the stage for nearly all his work during the next 20 years. It was clear to him that his first major task was the development of new mild methods for porphyrin synthesis which could be utilized in structural and biosynthetic studies of haem and chlorophyll and related compounds. When he started, the Fischer synthesis (involving the acid-catalysed fusion of two pyrromethanes at temperatures up to 200 °C) was virtually the only effective method of synthesizing porphyrins with an unsymmetrical arrangement of peripheral substituents, such as is found in naturally occurring porphyrins; the yields by the Fischer procedure were, however, generally rather low (except in the preparation of centrosymmetric porphyrins); mixtures of products were sometimes obtained, and the method could not readily be applied to porphyrins with labile sidechains, owing to the vigorous conditions employed. His first paper (58) described two new methods for coupling monopyrrolic units to form pyrromethanes (scheme 1), and foreshadowed the subsequent development of mild stepwise methods for constructing open chain tetrapyrrolic intermediates which could then be cyclized to porphyrins. Further improvements involved the use of more polar solvents (94) (e.g. formamide), and later of toluene-p-sulphonic acid in methanol, to facilitate the coupling reaction (155, 168); the limitations of these reactions were also investigated in relation to the pattern of substitution in the pyrromethanes employed.
The second paper (6) was concerned with experiments relating to a possible model for the genesis of the 'isocyclic' ring of chlorophyll, involving intra molecular cyclization of a (3-ketoester sidechain, and in this work Kenner showed that pyrromethenes would undergo a Michael-type nucleophilic addi tion reaction at the central methine carbon atom. In the event other, closer models (137, 157, 176) of the biosynthetic process were subsequently dis covered, and much of Kenner's later work in this area revolved around aspects of the chemistry and biosynthesis of the Chlorobium chlorophylls (187) .
At Liverpool Kenner's initial objective was to extend the new pyrromethane synthesis to tri-and eventually to tetrapyrranes (bilanes), in a manner some what analogous to the natural biosynthetic route. However, the limitations of this approach soon became apparent (86, 94), especially because of the relative instability of the tripyrranes and bilanes towards aerial oxidation, and their acid-catalysed rearrangements leading to 'scrambling' of the rings. This approach was, therefore, abandoned in favour of the preparation of more stable tetrapyrrolic intermediates containing carbonyl groups, or unsaturated linkages, between the pyrrole rings. In this manner, four new porphyrin syntheses were developed (123, 188), namely the a-oxobilane, 6-oxobilane, the 6-bilene and the tripyrrene (123, 188) ac-biladiene routes. Each of these involved the construction by rational methods of an open-chain tetrapyrrole which could then be cyclized to an unsymmetrical porphyrin. It should be noted that the original Fischer synthesis (from dipyrromethenes) and the later MacDonald synthesis (from aa'-diformylpyrromethanes and aa'-disubstituted pyrromethanes) both suffer from the disadvantage that one of the dipyrrolic intermediates must of necessity be symmetrical, or mixtures of products will be obtained.
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The a-oxobilane route (93, 121) depended for its success upon the initial development of a new synthesis of di-and tripyrroketones (109) , utilizing a variant of the Vilsmeier-Haack formylation reaction (109) . The a'-benzyloxycarbonyl-a-methylpyrroketones readily undergo chlorination of the a-methyl group, and the products can be coupled with the alkali metal salts of a'-benzyloxycarbonylpyrromethane-a-carboxylic acids to give stable crystalline a-oxobilanes bearing benzyloxycarbonyl groups at the a-positions of both terminal rings (1; Rx = O ; R2= H 2; R3= R4 = PhCH2OCO). The corresponding dicarboxylic acids (obtained by catalytic hydrogenolysis of the benzyl groups) could not, however, be cyclized to porphyrin derivatives for the oxo group not only provided a strong stabilizing influence on the tetrapyrrole, but at the same time inhibited electrophilic attack on the a-position of the A ring of the oxobilane. The a-oxobilanes were, however, readily reduced by diborane to the corresponding bilanes, but the latter gave mixtures of porphyrins after removal of benzyl groups and cyclization with one-carbon electrophiles. In consequence the bilanedicarboxylic acids were oxidized to 6-bilenes (2; Rx = R2 = COOH) and the latter cyclized to porphyrins under mildly acidic condi tions with triethylorthoformate. The overall yields of porphyrin from a-oxobilane diester were generally in the 20-30% range even though five stages were involved (hydrogenolysis, oxidation to bilene, decarboxylation, cycliza tion and dehydrogenation).
In the 6-oxobilane route (93, 123, 128) a pyrromethane amide activated by phosphorylchloride was coupled with an a-free pyrromethane, and the inter mediate imine salt hydrolysed under mildly basic conditions. The resulting 6-oxobilane-dibenzylester (1; R x = H 2; R2 = O; R3 = R4 = PhCH2OCO) was then hydrogenolyzed and cyclized with triethylorthoformate under similar conditions to those used in the final step of the tf-oxobilane method. The pro ducts were the deep blue oxophlorins (3) (tautomeric forms of the corresponding m&yo-hydroxyporphyrins) whose structures were clearly demonstrated by their visible and i.r. absorption spectra. These oxophlorins were transformed into the corresponding meso-unsubstituted porphyrins by conversion to mesoacetoxyporphyrins followed by hydrogenolysis and re-oxidation. The overall yields of porphyrins obtained from the 6-oxobilane-diesters were again of the order of 25%.
Both the a-and the 6-oxobilane routes depended in part for their success upon the use of protecting groups such as benzyl and £-butyl, and studies of other ester protecting groups were also initiated (145), reflecting a cross fertil ization of ideas from Kenner's other main interests in the peptide and nucleo tide fields. Among the 20 or so porphyrins synthesized in Liverpool at the time and demonstrating the versatility of these two methods were mesoporphyrin IX (121), protoporphyrin IX (124, 146), coproporphyrin III (171) and IV (128, 171), rhodoporphyrin XV (173), pempto-and /.ropemptoporphyrins (125, 171), hardero-and Aoharderoporphyrins (144, 193) and chlorocruoroporphyrin (171) (scheme 2). This work was also instrumental in establishing the structures of pempto-and harderoporphyrins and in confirming Fischer's original assign ment of structure to chlorocruoroporphyrin (from the oxygen carrying pig ment of Spirographis spallanzanii).
The third and fourth porphyrin syntheses developed in Liverpool also relied heavily upon the use of ester protecting groups. Thus a pyrromethane a'-/-butoxycarbonyl-a-carboxylic acid was prepared from the corresponding a-benzylester by hydrogenolysis and coupled under acidic conditions with an a-formyl-oc'-Z-butoxycarbonylpyrromethane to give a 6-bilene di-£-butylester (2; R 4 = R2 = £-BuOCO). Removal of the terminal ester groups by brief treatment with cold trifluoroacetic acid, followed by cyclization with triethyl orthoformate under mild acid conditions and aerial oxidation, then afforded the desired porphyrins in good overall yield (126). These included mesoporphyrins VI and X and two m£5o-alkylporphyrins structurally related to the Chlorobinm chlorophylls (153). Attempts to extend the method to the synthesis of porphyrins with nuclear carboxyl groups led to lower yields and production of mixtures (126).
The most recently developed synthesis was a logical extension of this 6-bilene route involving (a) coupling of an a'-£-butoxycarbonylpyrromethane-a-carboxylic acid with a formyl pyrrole to form a crystalline tripyrrene, (b) deprotec tion of the latter by treatment with cold trifluoracetic acid, (c) coupling of the tripyrrene with a second, but different, formylpyrrole and (d) cyclization of the resulting «c-biladiene (4) in presence of copper salts (186, 188). This method gave excellent yields of porphyrins and it was used to effect the first Et Me
Scheme 2.
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A = CH2COO-; P = CH2CH2COO synthesis of isocoproporphyrin (5) (illustrated in scheme 2), a faecal meta bolite excreted by rats poisoned with hexachlorobenzene and by patients suffer ing from symptomatic cutaneous porphyria. This «c-biladiene synthesis (186, 188) represents the first truly stepwise synthesis of unsymmetrical porphyrins via di-, tri-and tetrapyrrolic intermediates, in contrast to previously known routes all of which involve the coupling of two dipyrrolic units. The development of these four new syntheses of unsymmetrical porphyrins must rank as a major achievement and extensive use of them has since been made by other workers. In most cases the products are isomerically pure porphyrins formed in reasonable yields, under mildly acidic conditions and at room temperature. Kenner, however, did not eschew other methods of porphyrin synthesis when these were more efficient e.g. the MacDonald method in which aa'-unsubstituted pyrromethanes are brought into reaction with aa'-diformylpyrromethanes. Alternative cyclization techniques were also developed, e.g. the use of toluene-/)-sulphonic acid in methanol (rather than hydrogen iodide in acetic acid) and of zinc salts to facilitate the cyclization step.
The syntheses of hardero-and isoharderoporphyrins led to biosynthetic studies in which it was shown that harderoporphyrinogen was much more efficiently converted into protoporphyrin IX by gracilis than its isomer (178), thus providing support for earlier suggestions (144) concerning the specificity of the natural pathway between coproporphyrinogen III and proto porphyrin IX.
A very notable offshoot of the 6-oxobilane route to porphyrins was the con firmation of the importance of the iron complexes of oxophlorins (oxyporphyrins) (3) in the metabolism of haem to bile pigments. Oxyporphyrins and their metal complexes had previously been prepared by direct oxidation of metalloporphyrins by Lemberg and by Fischer, but unsymmetrical porphyrins gave mixtures of products. a-Hydroxymesoporphyrin IX and the /J-hydroxy isomer were readily synthesized by the 6-oxobilane route (112, 128, 152) and the m&yo-tritiated iron complexes were injected into rats with biliary fistulae; isolation of the bilirubin fraction from the bile showed that only the a-isomer was converted into mesobilirubin (151) (the diethyl analogue of bilirubin). This provided circumstantial evidence for the intermediacy of a-hydroxyhaem in the metabolism of haem. Attempts to prepare a-hydroxyhaem itself were unfortunately frustrated by cyclization involving an incipient vinyl group and the meyo-hydroxyl (146). A number of interesting facets of oxophlorin chemistry, however, were also studied (129) including spectroscopic aspects, their behaviour in acid, deuteriation at the meso position opposite to the oxygen function and acylation and alkylation on oxygen. Subsequently other aspects of the meso reactivity of porphyrins were also studied including meso-deuteration and -tritiation (155, 163, 169) and this together with an interest in the role of cation radical intermediates in the chemistry and biology of porphyrins led to syntheses of wwo-methylated porphyrins (200).
Kenner was very interested in the structures and properties of the bio logically important haemoproteins. Thus his earlier syntheses of porphyrins bearing formyl and vinyl groups were followed by preliminary studies of methods for introducing long alkyl sidechains into porphyrins such as are needed for porphyrin a synthesis (148, 176). At about the same time, work on the synthesis of porphyrins bridged with a peptide chain containing imidazole residues was also initiated (C. J. Suckling, Ph.D. Thesis, Liverpool, 1970); in this way it was hoped that models for the oxygen carrying pigments haemo globin and myoglobin might be developed and their properties studied. It is of considerable interest to note that this work was started in 1967, long before the vogue for synthesising model porphyrins with 'picket fences', 'bridges', 'straps', or 'caps* etc. had even begun, and it is a great pity that these early studies were not followed up.
A more successful project was the synthesis of protoporphyrins specifically deuterated in the methyl groups and tneso positions using suitably deuterated pyrrolic intermediates in the MacDonald and 6-oxobilane procedures (179, 180). The specifically labelled compounds were utilized in a joint study (182), with Schulman and his colleagues at the Bell Telephone laboratories, of the assignment of the methyl resonances in n.m.r. spectra of myoglobin, their variation with temperature, and the development of accurate quantum mech anical models to explain the results.
In the course of the synthetic work on porphyrins a number of other signi ficant results were obtained. For example, a new pyrrole synthesis was de veloped (77, 97) from iV-tosylglycine esters and a(3-unsaturated carbonyl com pounds, which is useful for the preparation of a-free a'-pyrrolecarboxylic esters. Additionally a new synthesis of porphobilinogen (the monopyrrolic precursor of all naturally occurring porphyrins and bile pigments) was devised (162, 195) ; a key step in this synthesis was the thallium in oxidative rearrange ment of a (3-acetylpyrrole to a pyrrole bearing a (3-aceticester sidechain. It was used for the preparation of labelled porphobilinogen required for biosynthetic studies of Chlorobium chlorophylls, (187) and provided a new route to a key intermediate in porphyrin synthesis (168).
Various transformations of the vinyl groups of protoporphyrin IX were also studied (161, 165, 193) . These involved the thallium in oxidation of the vinyl groups to acetals (2,2-dimethoxyethylporphyrin derivatives) which in a further series of reactions enabled pempto-and harderoporphyrin and their isomers (193) as well as coproporphyrin III to be prepared directly from protoporphyrin IX (readily available by demetallation of haem). These compounds are much more readily prepared in this manner than by ring synthesis, and the methods used are also capable of adaptation to the preparation of specially labelled compounds for biosynthetic studies.
Kenner's first major incursion into the chlorophyll field, following his original model experiments with pyrromethenes, had to wait until his new porphyrin syntheses had been developed. These allowed the rational develop ment of new routes to porphyrins with nuclear ester groups, especially in the rhodoporphyrin series (173, 174, 175). Rhodoporphyrindimethylester and mono-and divinyl analogues were synthesized and, following the success of model experiments with pyrrole esters, were converted into porphyrin-(3-ketoesters (174, 175); these did not undergo base-catalysed nucleophilic substitu tion into the neighbouring meso position, as originally expected, but could be cyclized oxidatively to the corresponding phaeoporphyrin derivatives (137, 157). Initially the magnesium complexes were oxidized with iodine (following Mauzerell's demonstration of the formation of a cation radical in similar oxidations of magnesium octaethylporphyrin). The yields were low and the primary product underwent a further oxidation to give a methoxy derivative (137) (the methoxyl group being derived from the solvent methanol); however, in spite of the low yields this reaction may be regarded as a very good model for the mode of formation of the isocyclic ring in the chlorophylls. Subse quently much higher yields of the phaeoporphyrin derivatives (157, 176) were obtained by oxidation with thallium hi trifluoracetate (175, 176).
Preliminary biosynthetic studies using an isolated chloroplast system con firmed (137) that protoporphyrin IX is a biosynthetic precursor of the plant chlorophylls, although the conclusive demonstration of the (presumed) role of the (3-keto esters has not yet been achieved, owing to the ready loss of tritium labels from the meso positions (185). In the course of this work a new method for the large scale separation of derivatives of chlorophylls a and b using Girard reagents was worked out (170) and some oxidation reactions leading to purpurins were also studied.
During the course of his work on the synthesis of porphyrin-(3-ketoesters the structure of chlorophyll c was published, and this led Kenner to devise new routes for the preparation of porphyrins with acrylic sidechains (185). Work on the total synthesis of both chlorophylls a and c was actively in pro gress at the time of Kenner's death. Improved methods for the introduction of magnesium into the porphyrin ring were also developed involving magnesium viologen or magnesium pyridyls; an offshoot of this work was the finding that the magnesium complexes undergo extremely facile hydrogen exchange at the meso positions, and this observation led to a useful new way of introducing deuterium or tritium labels into the porphyrin nucleus.
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A growing interest towards the end of Kenner's life was the biosynthetic origin of the additional methyl groups in the meso position and the sidechains of the B and C rings of the Chlorcbium chlorophylls. His initial interest in these marine pigments had arisen as a result of conflicting structural assign ments in the literature in the mid-1960s; some of the discrepancies were resolved by mass spectrometry and the use of the 6-bilene synthesis to synthesize two phylloporphyrins (146) (meso-substituted porphyrins) obtained by Holt and MacDonald in Canada as degradation products of the Chlorobium chlorophylls 660 (6). Later, [13C]n.m.r. studies confirmed that the meso-methyl group was in the S-position in these substances (not a-as had been suggested at one point by Rapoport). It was also shown that this methyl group and the additional carbon atoms in the B and C ring sidechains are all derived from methionine, by biosynthetic experiments feeding [14C] and [13C]methionine to cultures of Chloropseudomonas ethylicum (187) . Low, but probably signi ficant, incorporations of porphobilinogen (58%), uroporphyrinogen III (> 2%), coproporphyrinogen III (0*4%) and protoporphyrin and protoporphyrinogen IX (0*3%) (all labelled with 14C at C6) into the Chlorobium chlorophylls were also obtained in other experiments with suspensions of C. ethylicum. In the important paper outlining this work (187) detailed hypotheses on the sequence of methylation steps were advanced and work on these and related topics was actively in progress at the time of Kenner's untimely death. An inter esting by-product of this work was the discovery of an acetylbilatriene in the culture medium (187) ; this was thought to arise from oxidative ring opening of the Chlorobium chlorophylls at the ft-meso position (which bears the mesomethyl group) and may well be of considerable significance in relation to the mode of degradation of chlorophylls in senescent leaves.
In preparing this memoir the author has had invaluable help from a large number of George Kenner's friends and contemporaries from his Manchester and Cambridge days, and from students and colleagues in Liverpool. To all of them and perhaps especially to Professor C. W. Rees, F.R.S., Professor A. R. Battersby, F.R.S., Dr R. C. Sheppard and Professor A. H. Jackson, he wishes to express his sincere thanks.
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